Examples of extrachromosomal circular DNAs (eccDNAs) are found in many organisms, but their impact on genetic variation at the genome scale has not been investigated. We mapped 1,756 eccDNAs in the Saccharomyces cerevisiae genome using Circle-Seq, a highly sensitive eccDNA purification method. Yeast eccDNAs ranged from an arbitrary lower limit of 1 kb up to 38 kb and covered 23% of the genome, representing thousands of genes. EccDNA arose both from genomic regions with repetitive sequences ≥15 bases long and from regions with short or no repetitive sequences. Some eccDNAs were identified in several yeast populations. These eccDNAs contained ribosomal genes, transposon remnants, and tandemly repeated genes (HXT6/7, ENA1/2/5, and CUP1-1/-2) that were generally enriched on eccDNAs. EccDNAs seemed to be replicated and 80% contained consensus sequences for autonomous replication origins that could explain their maintenance. Our data suggest that eccDNAs are common in S. cerevisiae, where they might contribute substantially to genetic variation and evolution.
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circular DNA | chromosomal instability | gene deletion | homologous recombination | DNA replication origins C opy number variants (CNVs) are alterations in number of copies of particular genes or other extensive DNA sequences in a genome. Gene deletions and amplifications are important sources of genetic variation that have proven important in the evolution of multicellular organisms. The high prevalence of families of paralogous genes, such as globins, protein kinases, and serine proteases, strongly supports the idea that gene duplication and divergence underlie much of evolution (1) . In human somatic cells, CNVs have been implicated in cancer (2) and aging (3) , as well as developmental and neurological diseases (4, 5) . The best-studied types of CNVs are chromosomal gene amplifications and deletions that can easily be characterized by genome sequencing or tiling arrays (6, 7) or as cytological visible homogeneously staining regions (8) .
Extrachromosomal circular DNAs (eccDNAs) represent a less studied form of CNVs although examples of eccDNAs have been detected in many organisms. In humans, eccDNAs are produced during Ig heavy-chain class switching (9) . In higher plant genomes, repeat-derived eccDNAs are considered intermediates in the evolution of satellite repeats (10) . In aging Saccharomyces cerevisiae cells, ribosomal rDNA circles accumulate (11) . Also, in yeast, eccDNAs are generated from telomeric regions that contain many repeated sequences (12) , and recombination between retrotransposon or their remnants in the form of solo long terminal repeats (LTRs) has been implicated in the formation of eccDNA (13, 14) . Generally, eccDNAs are acentric and thus expected to missegregate during cell division, resulting in copy number variation (15) . However, the abundance of eccDNAs and their role in evolution remains unknown.
Simple recombinational models have been proposed that connect duplications, deletions, and eccDNA with one another. In the simplest model, a gene deletion can be produced by intrachromatid ectopic recombination between tandem repeats that flank the same gene, simultaneously producing a circular DNA element (Fig. 1A) (14) . CNVs are also produced by other mechanisms that do not require a circular intermediate, such as replication slippage (16) , interchromatid or interchromosome recombination between nonallelic homologs (17) . However, DNA studies of several loci in human germ cells suggest that the frequency of intrachromatid ectopic recombination, which leads to eccDNA, could be just as high as other CNV events (18) . Incorrect nonhomologous end joining of DNA ends can generate eccDNA (Fig. 1A) (2, 19) ,) in addition to other mechanisms (Fig.  1A) . These mechanisms could include microhomology-mediated DNA repair processes at double-strand DNA breaks (20, 21) , as well as processes independent of DNA breaks, such as replication errors near short inverted repeats (22) or small singlestranded DNA that prime formation of eccDNA (23) .
There is likely an intimate connection between deletions, duplications, and circular DNA forms: reintegration of a circular copy of a gene by homologous recombination results in a duplication, just as recombination between duplicates can generate circular DNA copies and deletions. Chromosomal CNVs have been generally detected well after their establishment. Thus, the mechanism for formation of copy number variable regions can be inferred only from their structure (24, 25) . Detection of new, potentially transient chromosomal duplications is challenging because it involves detection of alterations in single DNA molecules within large cell populations. We reasoned that detection and recovery of eccDNAs might be more tractable than other CNVs because of the unique and well-studied biophysical and biochemical properties of circular DNA molecules.
We developed a sensitive, genome-scale enrichment and detection method for eccDNA (Circle-Seq), based on wellestablished prokaryotic plasmid purification (26, 27) and deep sequencing technology. With Circle-Seq, we were able to purify, sequence, and map eccDNAs that, among them, cover nearly a quarter of the whole genome sequence of S. cerevisiae. We infer from the numerous eccDNA findings that circularization of
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1508825112/-/DCSupplemental. genomic sequences is common enough to account for the generation of much of the variation in gene copy numbers observed in cancer and other human genetic diseases, as well as the process of evolution by duplication, deletion, and divergence.
Results
Circle-Seq, A Method for Genome-Scale Detection of eccDNA. To obtain knowledge about the abundance of eccDNA in the S288C S. cerevisiae genome, we developed a method for genome-scale detection of eccDNA (Circle-Seq). EccDNAs were purified from 10 independent cultures of haploid S. cerevisiae cells grown in complete nutrient medium for 10 generations (10 10 cells per population). After disrupting cells, the Circle-Seq method consists of three steps that exploit differences in the structural and chemical properties of circular and linear chromosomal DNA. The first step is denaturation and fast neutralization of DNA with alkali, followed by column chromatography to separate the fast reannealing circular DNA from linear DNA (Fig. 1B) . The second step is treatment with the rare cutting endonuclease NotI and subsequent digestion with exonuclease to remove remaining (3) rolling-circle amplification by ϕ29 DNA polymerase and subsequent high-throughput DNA sequencing. (C) Sequenced 141-nucleotide reads were mapped to the S288C S. cerevisiae reference genome. Shown are data from reference sample R3 for part of chromosome IV. Green, paralogous genes; black, unique genes or ORFs; blue, read coverage mapped to the chromosome; gray boxes, individual reads with homology to the Watson (+) (light gray) and Crick (−) (dark gray) strands. (D) EccDNA was identified from regions covered by contiguous mapped reads >1 kb that were found to be significantly overrepresented by Monte Carlo simulation. Black bars, chromosomal regions recorded as eccDNAs; white bars, chromosomal regions excluded from the analysis (contiguous reads <1 kb).
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linear single-stranded and double-stranded DNA. Elimination of linear DNA was confirmed by quantitative PCR for the actin encoding gene ACT1 (Fig. S1 ). The third step is enrichment of circular DNA by rolling circle amplification, using the highly processive ϕ29 DNA polymerase (Fig. 1B) (28) .
Amplified circular DNA was sequenced as 141-nucleotide single-end reads on an Illumina Hi-Seq. We obtained 40-100 million reads from each of 10 independent populations. Virtually all (99.7-99.8%) reads mapped to the S. cerevisiae S288C reference genome (example in Fig. 1C ). We considered mapped reads to indicate amplification of the circular DNA. To exclude residual noise from potential minor linear DNA fragments, we focused on sequence data that included a minimum of seven contiguous mapped reads corresponding to DNA regions >1 kb ( Fig. 1D and Fig. S2 ). The chosen cut-off means that small eccDNAs were excluded from further analysis (example in Fig.  1D ). Regions mapped with contiguous reads >1 kb were finally tested for the likelihood of occurring by chance using Monte Carlo simulations (Fig. S3) . Regions that contained contiguous reads >1 kb and had a depth coverage significantly greater than expected by chance (P < 0.1) were considered as eccDNAs.
The number of >1-kb-long regions covered by contiguous reads increased as a function of sequenced DNA up to 30-45 million reads (Fig. 2) . Sequencing beyond 45 million reads did not substantially increase the number of >1-kb-long regions covered by contiguous reads (Fig. 2) , indicating that saturation was reached for most samples.
The Circle-Seq method identified a total of 1,756 different eccDNAs ( Fig. 3 and Dataset S1). Combining and merging eccDNA regions from all 10 samples covered 23% of the S. cerevisiae genome, suggesting that a substantial fraction of the yeast genome is prone to circularization (Fig. S4) . A large subgroup of the eccDNAs (38%, 669 eccDNAs) covered regions of DNA that were not unique in the reference genome. The homologous sequences included telomeric regions, gene duplications, and retrotransposons. The majority of eccDNAs were less than 5 kb whereas the longest recorded eccDNA was nearly 40 kb (Dataset S1). Most recorded eccDNAs (97.3%) carried at least a partial gene fragment (example in Fig. 1C ), and only 2.7% were formed entirely from intergenic regions. A chromosomal overview of all 1,756 detected eccDNAs (Fig. 3) showed that eccDNAs formed from all chromosomes. Specific eccDNAs were annotated according to the nomenclature for non-Mendelian elements and superscripted to describe the allele type: [gene circle ].
Replication Origins in eccDNA. The considerable read coverage of eccDNAs indicated that at least some eccDNA replicated at mitosis. Previous studies showed that eccDNAs replicate and propagate in populations of yeast cells when they carry a replication origin (11, 13, 14) . In S. cerevisiae, replication is controlled by autonomously replicating sequences (ARSs) that bind the origin recognition complex (ORC). More than 10,000 copies of the 17-bp ARS "core consensus sequence" (ACS) are found in the S. cerevisiae reference genome (29) although only 803 sites have been validated or proposed as replication origins (29) (30) (31) (32) . Of the 1,756 eccDNAs, 18.7% contained one of the 803 putative origins or ARS sites (Fig. 3) . The ARS and origins were not found to be overrepresented on eccDNAs. However, when we included the ACS, we found that 80% of all eccDNAs included either an origin of replication, ARS, or ACS ( Fig. 3 and Dataset S1).
Validating the Circle-Seq Procedure. The Circle-Seq method was validated using three distinguishable exogenous plasmids spiked into lysates just before eccDNA purification at different ratios: specifically, 1:1 (plasmid:cell) for pBR322; 1:50 for pUC19; and 1:2,500 for pUG72. Each of the plasmids was detected by CircleSeq ( Fig. 4A and Fig. S5A ), and plasmids were confirmed by sizespecific DNA bands amplified by inverse PCR (Fig. S5B ). Based on these findings, the detection sensitivity was at least 1 eccDNA per 2,500 cells ( Fig. 4A and Fig. S5C ).
We identified the very abundant and naturally occurring circular DNA species, the mitochondrial DNA (mtDNA), and the 2μ plasmid ( Fig. 4 B and C) . The Circle-Seq method also recorded reads at chromosomal loci previously reported to circularize and form eccDNA. These eccDNAs included the ribosomal RNA genes (11), the paralogous metallothionein genes CUP1-1 and CUP1-2 (33), and telomeres (12) . The To further verify that Circle-Seq recovered genomic sequences known to circularize and amplify under appropriate selection, biological replicates of a [GAP1 circle ] mutant (14) were grown in L-glutamine as a sole nitrogen source. The GAP1 locus, encoding the general amino acid permease 1, was extensively represented in reads obtained after Circle-Seq of the two cultures (G1 and G2) (Fig. 4D) ] form by recombination between two homologous long-terminal repeats (LTRs), YKRδ11 and YKRδ12, that flank the GAP1 gene (14) . We confirmed the recombination using distinguishable single-nucleotide polymorphisms in YKRδ11 and YKRδ12 as fingerprints for reads mapping across the recombination site (Fig. 4E ).
EccDNAs Represent Diverse Genomic Loci. To explore the number and types of eccDNAs in a population of yeast cells, we analyzed eccDNA from four reference populations that were mixtures of single-gene deletion mutants (R1-R4). We compared the reference samples to clonal isogenic WT populations (S1 and S2). We also examined the effect of DNA damage on eccDNAs by growing the pooled, single-gene deletion mutants in the presence of the DNA-damaging agent Zeocin (Z1-Z4) (Fig. 2) . The reference R1-R4 samples had an average of 147 eccDNAs per sample (181, 42, 248, and 118 eccDNAs); the clonal S1 and S2 populations had a similar average of 146 eccDNAs per sample (144 and 148 eccDNAs); whereas the Z1-Z4 samples had an average of 219 eccDNAs (159, 210, 218, and 288 eccDNAs). Populations treated with the DNA-damaging agent Zeocin showed a tendency to more eccDNA types than the untreated reference (R1-R4) ( Fig. 2 and Fig. S4 ). This result suggested that single-strand and double-strand DNA breaks contributed to formation of eccDNAs, in agreement with studies in S. cerevisiae (34), Drosophila melanogaster (35, 36) , and human carcinoma KB-V1 cells (37) . A majority (72%) of the genes on eccDNAs in the reference R1-R4 samples were unique to a particular sample (74% in Z1-Z4 samples); only 15.4% of the genes were common to all four R-samples ( , several genes were found on eccDNAs in all four reference samples. These genes included HXT6, HXT7, encoding high-affinity plasma membrane hexose transporters; ENA1, ENA2, and ENA5, encoding sodium pump ATPases; and CUP1-1 and CUP1-2, encoding metallothioneins (Fig. 5A) . Almost all genes common for the reference samples were also present in other samples ( (Fig. 5C) . We confirmed the existence of [HXT6/7 circle ] in all samples using inverse PCR on DNA enriched for eccDNA and in samples without linear DNA (Fig. 5D ). In addition to multiple reads covering the HXT6 and HXT7 locus, reads also covered the intergenic region next to HXT6 and the hexose transporter ortholog HXT3 (38 ], homologous recombination between repeated sequences is both a simple and intuitive mechanism for eccDNA formation although there are alternative mechanisms, some examples of which have been documented in eukaryotes (2, 19-21, 23, 39) . We explored the extent to which eccDNAs were products of recombination between homologous regions preexisting in chromosomes. Eight percent (140 eccDNAs) of all putative eccDNAs (1,756) had homologous sequences longer than 50 nucleotides (>50 nt), and another two percent (35 eccDNAs) contained shorter homologous sequences between 15 and 50 nucleotides (Dataset S1). Homologous regions >50 nt included intragenic repeats of FLO11 and paralogous genes such as HXT6/HXT7 (Fig.  5C ), CUP1-1/CUP1-2 (Fig. S6B) , and ENA1/ENA2/ENA5 (Fig.  S8) , as well as a large group of elements consisting of long terminal repeats (LTRs), retrotransposons, and solo LTRs (Dataset S1). One example was the [Ty1_NUP116_CSM3_ERB1_Ty1 circle ] that seemed to be formed by recombination between two Ty1 LTR elements flanking NUP116_CSM3_ERB1 that respectively encode a nucleoporin component, a replication fork associated factor, and a constituent of 66S pre-ribosomal particles. Inverse Fig. 3 . Genomic overview of eccDNA types detected in S. cerevisiae. Chromosomal map of S. cerevisiae eccDNA from Circle-Seq of 10 populations (R, Z, and S samples; see Fig. 2 legend) . Highly conserved genes on eccDNAs are annotated, including genes that encode cell cycle regulators (CDC8 and CDC20), phosphoglucomutase (PGM2), a recombination repair protein (RAD57), and a helicase complex component (MCM7). Annotated also are genes encoding glucose, sodium, proline, and allantoin transporters HXT6, HXT7, ENA1, ENA2, ENA5, PUT4, DAL2, DAL4, and DAL7, as well as the asparagine synthetase gene ASN2, some retrotransposons (Ty elements) and telomeres with Y′ genes (see Dataset S1 for a list of all genes on eccDNAs). x axis, chromosomal coordinates for chromosomes I-XVI. (Scale bar, upper right.) y axis, logarithmic representation of normalization of each eccDNA to the number of mapped read fragments per kilobase from a million mapped reads (FPKM). Circles, unique eccDNA; triangles, nonunique eccDNA; black, eccDNAs with proposed replication origins or ARS sites; gray, eccDNAs with the ARS 17-bp consensus sequence (ACS); open circles and open triangles, eccDNAs without origin, ARS, and ACS; gene with two punctuation marks, more than one gene on the eccDNA. EccDNAs were annotated as unique if they included at least one uniquely mapped read to the reference genome and were annotated as nonunique if all included reads mapped equally well to several loci.
PCR confirmed that recombination had taken place between YMRCTy1-3 and YMRCTy1-4, leaving one chimeric Ty1 element on the eccDNA (Fig. S9) . Overall, LTR elements were significantly overrepresented in the recombination site of unique eccDNAs compared with the LTRs in the genome (P < 0.001 by Monte Carlo simulation), suggesting that LTR elements are more likely to recombine and circularize than other elements in the genome.
Next, we searched for DNA circularization events that could involve microhomologies or end joining at the recombination sites. We searched for sequence reads that spanned the recombination junction and identified such reads at 130 eccDNAs (7.4%, excluding nonunique eccDNAs, rDNA region at chrXII, and plasmids) (Dataset S1). These reads strongly supported the existence of the corresponding eccDNAs and gave exact information about the chromosomal DNA that had served as substrate for DNA circularization (e.g., Fig. 6A and Fig. S10 ).
Combined analyses of homologous recombination sites and junction reads revealed that ∼10% of the different eccDNAs (174 eccDNAs) arose between chromosomal regions with ≥15-nt homology (e.g., [HXT6/7 circle ]) (Fig. 5C) (Fig. 6A) . The remaining 78% (1,361 eccDNAs) could not be annotated (Fig. 6B) either because junction reads were not located or because larger stretches of homology did not exist at the edges of chromosomal coordinates from which eccDNA likely arose. Thus, we examined whether eccDNAs could have arisen between short stretches of microhomologies. We found that 90% of all eccDNAs contained small direct and/or inverted repeats at edges of eccDNA coordinates (≥7 nt, 200-bp windows) although these repeats were not overrepresented at eccDNA regions (Dataset S3). We finally considered the frequency of different eccDNA types. When information about the number of reads per eccDNA was taken into consideration, eccDNAs that derived from genomic regions with ≥15-nt repetitive sequences constituted 99.3%. More than 99% of these eccDNAs were [rDNA circles ] (Fig. 3) . Excluding [rDNA circles ] from the analysis showed that 67% arose from regions with ≥15-nt homology. Thus, one-third of the eccDNA seemed to arise from regions in the yeast genome with short (<15 nt) or no repetitive sequences.
Discussion
In this, to our knowledge, first systematic survey of the yeast genome for eccDNA, we found more than a 1,000 unique eccDNA elements, which increases the number of reported eccDNAs in yeast by more than 100-fold. Our findings are likely an underestimate of the true set of eccDNAs because the majority of the identified eccDNAs were unique to a single population and elements smaller than 1 kb were not included in the analysis. Therefore, we expect that additional sampling would reveal a higher coverage of the genome, and we suggest that virtually any part of the yeast genome has the potential to circularize and form eccDNA.
In this study, eccDNA seemed to form throughout the S. cerevisiae genome (Fig. 3) although some eccDNAs were more abundant than others. We found that unique [LTR circles ] were significantly overrepresented at putative eccDNA recombination sites, suggesting that adjacent retrotransposons increased the likelihood of DNA circularization. However, we suggest that selection, even mild selection, is likely to be a more important factor in explaining differences in abundances, as exemplified by our results with [GAP1 circles ]. Also significant is the ability of the eccDNA to replicate, which likely depends on the specific type of ARS or origin it contains. We speculate that the core consensus sequence for replication (ACS) could be sufficient for DNA synthesis of circular molecules (e.g., [CDC8 circle ]) (Fig. 3) . Alternatively, eccDNAs without active replication origins or ACS sites (e.g., [ASN2 circle ]) (Fig. 3 ) may amplify through high formation rates and/or by rolling circle replication during their formation (40, 41) .
A proportion of eccDNAs (7%, 130) were confirmed by reads that spanned the circularization junctions (e.g., in Fig. 6 ). These reads provided information about the chromosomal loci that served as substrate for eccDNA formation and could be indicative of the mechanisms by which formation took place. Combined with our search for homologous sequences at putative recombination sites, we found in the annotated groups of 395 eccDNAs (Fig. 6B) that 15% of the chromosomal loci had <7-nt homology around junctions, 41% had 7-to 14-nt homology, and another 44% had ≥15-nt homology, suggesting that DNA circularization is mediated by homologous recombination, nonhomologous end joining, and microhomology-mediated DNA repair. When the frequency of eccDNA was taken into consideration, eccDNA that arose from regions with repeats of ≥15-nt homology constituted two-thirds of the eccDNA (67%). However, in-depth understanding of the molecular mechanisms that lead to the formation of eccDNA requires additional experimental evidence, such as eccDNA profiles of mutants depleted of factors in homologous recombination and nonhomologous end joining (e.g., rad52 and dnl4).
The most notable eccDNA that appeared in all samples was the [HXT6/7 circle ] (Fig. 5) . This eccDNA contains a well-documented ARS sequence, and selection for chromosomal gene amplifications of HXT6 and HXT7 has been reported when yeast evolve under glucose limitation (42 Besides eccDNAs' impact on genetic variation through deletions and amplifications, self-replicating eccDNAs might also affect the rate of evolution on their own. When the unit of selection is a gene, its heritability is greatly altered when it is situated on a self-replicating eccDNA element compared with the same locus on the chromosome. Unlike chromosomes, acentric eccDNAs segregate asymmetrically, which can lead to rapid loss or amplification of eccDNA genes compared with chromosomal genes, thereby following the criteria for faster evolution (43) . For instance, [GAP1 circles ] self-replicate and were frequently found in DNA preparations from cultures that were propagated on glutamine as the sole nitrogen source (Fig. 4D ), but not in cultures grown on complete media with abundant amino acids as source of nitrogen (Fig. S6) . This difference underlines that a gene on eccDNA can provide a fitness advantage (14) and presumably, once a [GAP1 circle ] is generated, offers a more rapid response to selection. Thus, the large array of discovered eccDNAs in the present study provide a large set of opportunities for copy number variations that may have large and so far overlooked impact on the evolution of genomes.
The Circle-Seq method should be readily adaptable to find eccDNA in other organisms. Other global screening methods, such as whole-genome sequencing and tiling arrays, have failed to identify large numbers of eccDNAs. This circumstance might be because of the low frequency of many eccDNAs, which are not expected to be detectable with conventional sequencing methods (44) . De novo discovery of eccDNAs in the past has been by Giemsa staining of metaphase chromosomes (45) , fluorescence in situ hybridization (15) , 2D gel electrophoresis (35) , or introduction of selective markers combined with Southern blotting (12, 33) and inverse PCR (14) . These methods detect abundant eccDNA elements but are not suitable for genome-wide screening for novel eccDNAs or detecting eccDNA that is low in abundance. A recent study from human tissue identified thousands of 200-to 400-base-pair-long nucleotide circles, which carried parts of exons and other gene fragments (21) . It remains to be investigated whether larger eccDNA can be abundantly isolated by this method.
Because yeast is a typical eukaryote in its genome organization, chromatin structure, and DNA biochemistry, eccDNA may well be a common feature of variation in other eukaryotes, including plants and animals. Genome-wide screening for eccDNA elements using Circle-Seq could facilitate studies on eukaryotic genomes that will lead to better understanding of copy number variation, evolution, and many both rare and common genetic diseases that are associated with copy number variation.
Materials and Methods
Media. Complete yeast peptone dextrose (YPD) media contained 1% (wt/vol) yeast extract (BD Difco), 2% (wt/vol) peptone (BD Difco), and 2% (wt/vol) D-glucose. YPD containing 1,000 mg/L Geneticin (G418) (Gibco-BRL) was used to propagate strains with integrated KanMX-cassettes. Cultures treated with a DNA damaging agent were grown in YPD+G418 medium supplemented with 0.03 mM Zeocin (Invitrogen, Life Technologies). Minimal L-glutamine medium (MG) included 0.16% (wt/vol) yeast nitrogen base without amino acids and ammonium sulfate (BD Difco), 2% (wt/vol) D-glucose, and 0.35 mM L-glutamine.
Strains and Plasmids. Reference samples (R1-R4 and Z1-Z4) consisted of a pool of 4,400 viable single-gene deletion yeast mutants with KanMX module disruptions from the yeast deletion collection in the S288C background BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) (46) . M3750 served as the clonal isogenic population in the S288C background (S1 and S2, MATa ura3 Gal2) (47) . Clones carrying [GAP1 circles ] in the CEN.PK background (G1 and G2) served as the positive control for eccDNA (14) . Plasmids pBR322 (4,361 bp; New England Biolabs), pUC19 (2,686 bp; New England Biolabs), and pUG72 (originally pJJH726, 3988 bp; EUROSCARF) were maintained in Escherichia coli and purified with QIAprep Spin Miniprep Kits (Qiagen).
Cell Culturing. Overnight cultures were used to inoculate independent starter cultures for quadruplicate cultures, except for clonal isogenic S288C and [GAP1 circle ] populations, which were grown in duplicate. Cells were diluted to 6 × 10 5 ± 3 × 10 5 /mL in baffled flasks containing 45 mL of complete YPD medium and propagated for nearly 10 generations, to a maximum cell density after 48 h growth at 30°C with agitation, 150 rpm. Yeast cells counts and viability were measured by propidium iodide staining, obtaining 1 × 10 10 cells, of which 98% were viable (NucleoCounter NC-3000; Chemometec). Quadruplicate cultures of reference samples were grown in YPD+G418 whereas another set of quadruplicate cultures were grown in YPD+G418 with 0.03 mM Zeocin throughout the 48-h growth period. The [GAP1 circle ] mutant (14) was grown in 100 mL of MG medium for 72 h to 4.8 × 10 7 cells per mL.
Circle-Seq eccDNA Purification. Purification of eukaryotic eccDNA was accomplished in three steps, developed and modified from a previous prokaryote plasmid DNA protocol (26, 27) . Purification and enrichment of eccDNA. For each sample, 1 × 10 10 cells were pelleted (5 min, 3,000 rpm), washed in 5 mM Tris·Cl, pH 8, and resuspended in 0.6 mL of L1 solution (Plasmid Mini AX; A&A Biotechnology). Suspended cells were transferred to 2-mL microcentrifuge tubes with 0.5 mL of 0.5-mm glass beads (Scientific Industries, Inc.) and disrupted by maximum vortexing for 10 min. Beads were removed by centrifugation at 270 × g, 30 s. Supernatants with cell lysates were transferred to clean tubes. Plasmid mixtures were added in a per-cell ratio of 1:1 for pBR322, 1:50 for pUC19, and 1:2,500 for pUG72, assuming that each sample contained 8 × 10 9 cells (genomes).
Following the manufacturer's instructions for Plasmid Mini AX kits (A&A Biotechnology), each sample was alkaline treated, followed by precipitation of proteins and separation of chromosomal DNA from circular DNA through an ion exchange membrane column. Column-bound DNA was eluted, precipitated, and dissolved in TE buffer (10 mM Tris-Cl, pH 8.0; 1 mM EDTA, pH 8.0), obtaining 6-16 μg of DNA. Digestion of remaining linear DNA. To increase the number of ends accessible for exonuclease digestion, the DNA from each sample was treated with 1 FastDigest Unit of NotI endonuclease (Fermentas) at 37°C. After 17 h, samples were heat treated for 5 min at 80°C and digested with exonuclease at 37°C using Plasmid-Safe ATP-dependent DNase (Epicentre). To ensure complete hydrolysis of linear double-stranded DNA, additional ATP and DNase was added every 24 h (16 units per day). Samples were tested for the elimination of linear DNA by quantitative PCR (Fig. S1) . After 130 h, the initial amount of linear DNA (estimated as 130 μg) was diminished between 5 × 10 7 -fold and 4 × 10 8 -fold. The DNase was heat inactivated for 30 min at 70°C. Amplification of eccDNA. From each eccDNA-enriched sample, 1% (5 μL) was amplified by ϕ29 polymerase at 30°C for 16 h according to the REPLI-g Mini Kit protocol (Qiagen).
PCR. The ACT1 gene on chromosome VI was used to measure remaining linear DNA. Linear DNA content was analyzed in samples during the exonuclease time course using the following standard PCR methods and primers: ACT1 5′-TGGATTCTGGTATGTTCTAGC-3′ and 5′-GAACGACGTGAGTA-ACACC-3′ and quantitative PCR (qPCR) primers 5′-TCCGTCTGGATTGGTGGT-TCTA-3′ and 5′-TGGACCACTTTCGTCGTATTC-3′. Reactions were in an Mx3000 (Agilent Technologies) qPCR machine in 20-μL reactions containing 2 μL of template (exonuclease-treated samples), 150 nM primers, 2% (vol/vol) DMSO, and 10 μL of Brilliant III SYBR Green PCR Master Mix (Agilent Technologies). Reaction conditions were 3 min at 95°C followed by 45 cycles of 15 s at 95°C and 30 s at 60°C. Denaturing curves were generated at the ends of runs to verify reaction specificity. Purified genomic DNA from S. cerevisiae strain S288C in seven serial dilutions was included in quadruplicate for each run to produce standard curves. Copy numbers were calculated assuming a molar mass per base pair of 650 g·mol −1 ·bp −1 and a genome length of 1.2 × 10 7 bp and one copy of ACT1 per genome. Samples were run in triplicate for SD calculations. Concentrations of standards were measured using a Qubit High Sensitivity assay (ThermoFisher Scientific). PCR products were visualized by 1% agarose gel electrophoresis with 100-bp ladders from New England Biolabs.
The following inverse PCR primers were used for detection of eccDNA: (0.6 kb). PCR reactions were carried out with 0.2 ng of template from ϕ29 amplified sample or 4 μL of template from 130-h exonuclease-treated sample using standard conditions. All reactions were performed at least twice.
Sequencing. The ϕ29-amplified DNA samples were sheared by sonication to an average of 300 nucleotides (Covaris LE220). Postsonication, DNA was adjusted to 20 ng/μL. For each library preparation, 300 ng of fragmented DNA was loaded onto a robotic Apollo 324 system (IntegenX Inc.), adding adapters and barcode index labels (6-base oligos). The 12 samples were sequenced up to 100 Mb as single ends using an Illumina HiSEq. 2000 platform.
Mapping of Reads. Reads were filtered by index barcodes, allowing 0 mismatches in the first sequence lane (>10 samples) and 1 mismatch in additional sequencing (<5 samples per lane). Adapter sequences were trimmed using Cutadapt (48) , only for the longest sequence reads (215 nucleotides for S2, Z4, and R1 samples). The 141-nucleotide reads were mapped to the S288C reference genome using the Galaxy workflow system (49) and Bowtie2 mapping software, using local alignment settings and very sensitive search mode (50) .
Identification of Regions with Contiguous Coverage >1 kb. Mapped data from identical samples were merged, and a workflow was established to identify regions longer than 1 kb with contiguous read coverage (i.e., no gaps in coverage, usually translated to more than seven connected reads). Reads were allowed to map to multiple regions of the genome to capture information about repetitive regions. After mapping, Sambamba (https:// zenodo.org/record/13200) was used to select only uniquely mapped reads that mapped to a single genome position. The number of fragments mapping to each contiguous region was counted, both for all mapped reads and for uniquely mapped reads. Counts were used to calculate fragments per kilobase per million mapped reads (FPKM) (51) . When calculating the FPKM for regions using only uniquely mapped reads, region size was reduced to include only uniquely mappable positions within the region. In addition, the number of proposed origins (29) (30) (31) (32) in each contiguous region >1 kb was counted. Moreover, the 17-bp conserved ARS consensus sequence (ACS) reported by Breier et al. (WWWWTTTAYRTTTWGTT; W = A or T, Y = C or T, and R = A) (29) was intersected with putative eccDNA regions (Dataset S1).
Monte Carlo Simulation. The confidence level of each contiguous region >1 kb was assessed using a Monte Carlo simulation. The locations of putative eccDNAs were randomized throughout the genome, excluding regions known to be circular: 2μ, mtDNA, spiked plasmids, and the redundant [rDNA circle ] at chromosome XII:451323.0.491422. The FPKM of the randomized regions was calculated and used to generate a distribution. For each putative eccDNA region, an empirical P value was generated for each contiguous region >1 kb, based on the frequency of a randomly permuted location having the same or higher FPKM value. P value calculations were performed twice, first using all mapped reads (Dataset S1) and second using only uniquely mapped reads ( Fig. S3 and Dataset S1). Each contiguous region >1 kb, with P < 0.1 using uniquely mapped reads was considered to originate from circular DNA and designated an unique eccDNA. In the case of P = 1 from simulations with uniquely mapped reads (i.e., no uniquely mapped reads), the P < 0.1 from simulation with all mapped reads was used as the cutoff, and each of these eccDNAs were designated an nonunique eccDNA.
An [LTR circle ] was defined as a region in which annotated LTR regions (52) overlapped within the first 100 bp of the start of the eccDNA region and the last 100 bp of the end of the eccDNA region. For each of the 10,000 iterations, the locations of unique eccDNAs were randomized across the S288C genome, excluding plasmids and nonunique [LTR circle ] regions identified in any sample. The number of [LTR circles ] for randomized regions was counted and compared with the actual count to calculate P values. To determine whether eccDNAs were enriched for replication origins and ARS regions (29-32), we performed a Monte Carlo simulation using pybedtools version 0.6.8 (53, 54) . The locations of eccDNAs were randomly shuffled 10,000 times; each time we counted the number of intersections with origins/ARS regions. Using these counts, we constructed an empirical distribution and compared the number of intersections between the original, unshuffled eccDNA locations to obtain a P value.
BLAST Analysis. Each eccDNA region was extended 200 nucleotides at each flank (if possible) and then divided into two regions of equal length. The two pieces were aligned using BLAST+ blastn (55) and the "blastn" task. Only the top hit was recorded, annotating the positions of aligned sequences, number of mismatches, gaps, and e-values (Dataset S1). EccDNAs that contained homologous sequences ≥15 nucleotide long (identified by BLAST+) were considered to had circularized by homologous recombination (Dataset S1).
Junction Read Analysis. Each read was split into three pieces of equal length. The start and ends of each split read were mapped to the reference genome. The read fragments were mapped as paired-end reads using Bowtie2, with the expectation that each split read would map in the same orientation and within 300 bases of each other. Reads that mapped discordantly (i.e., misoriented and/ or more than 300 bp from each other) were extracted and treated as potential junction reads. Junction reads that mapped uniquely to the genome and within annotated unique eccDNA regions (extended by 200 nucleotides at each flank) were counted, and the genomic coordinates mapped by more than two split reads were merged and annotated (Dataset S1). The 669 nonunique eccDNAs were excluded from this analysis due to the redundant mapping of reads.
Distribution of eccDNA Types. All 1,756 eccDNAs (P < 0.1) were grouped (i) according to the content of homologous regions at putative eccDNA flanks or (ii) based on homologous regions at sites mapped by junction reads (see BLAST Analysis and Junction Read Analysis). The frequency of eccDNAs that arose from regions with ≥15-nt homology was calculated after the 395 annotated eccDNAs (Fig. 6B) ] were annotated to the group with ≥15-nt homology. The fraction was calculated as the total number of reads per eccDNA in the group with ≥15-nt homology junctions divided by the sum of the total number of reads per eccDNA in both groups (<15-nt homology junctions plus ≥15-nt homology junctions).
Direct and Inverted Repeat Search. Each eccDNA region was extended by 100 nucleotides at each flank (if possible), and 200 nucleotides from each edge were aligned with BLAST+ blastn (55), using the "blastn-short" task. Each hit was recorded as either a direct or an inverted repeat. At regions where merged split reads were identified (see Junction Read Analysis), a similar BLAST+ analysis was performed adding 50 nucleotides to the edge of a merged split read region and aligning 75 nucleotides from each end.
Junction Mapping, [GAP1
circle ]. For the [GAP1 circle ], formed by homologous recombination, we mapped the recombination junction using single-nucleotide polymorphism (SNP) differences in the two long terminal repeats. We determined the recombination site between two informative SNPs. The site was located by first generating a list of coordinates of the repeat regions flanking the eccDNA plus flanking sequences inside the DNA circle. These coordinates were used to extract FASTA sequences of repeat regions using the BedTools getfasta command (53) . Informative SNPs were identified by aligning the repeat regions using ClustalW (56) and identifying positions where the two repeats differed. Extracted sequences were joined into a single sequence representing the estimated circular joining region containing a single copy of the repeat. Sequencing reads were aligned to the join region using Bowtie2 with default parameters (50) . Freebayes (57) was run in pooled-discrete mode with the list of informative SNPs as input. The number of reads that agreed with the genotype of each copy of the repeat was captured and used to identify the two closest SNP locations that flanked the recombination junction.
